Diversely sourced degradation products of higher plant lignans were identifi ed in modern and ancient woodrat (Neotoma) middens. The markers indicate extensive chemical modifi cation by intestinal microbial communities of mammals. The observed defunctionalized phenols represent a group of natural products, and their structural elements reveal information about the plant source. The phenols are derived mainly from two precursor types: (1) enterolactone and derivatives from conifer lignans, and (2) 2,3-bis(3'-hydroxybenzyl)butane and related compounds from lignans such as nordihydroguaiaretic acid common in Larrea sp. (e.g. creosote bush).
Introduction
Molecular tracers specifi c to fauna are useful in confi rming that vegetation detritus and its fl oral markers in a deposit are derived from accumulated excrement. The molecular organic archive preserved in woodrat (Neotoma) middens from the southwestern United States of America is such an example (Zinniker et al., 2008) . Fossil woodrat middens are amalgamations of plant remains, bones, insects, pollen, and fecal pellets encapsulated in a desiccated urine matrix. These deposits are readily preserved in arid and semi-arid environments, can be radiocarbon-dated, and provide a record of past climate change and fl oral migrations across geographic locales and elevations . They also permit a variety of morphological (Van de Water et al., 1994 Smith et al., 1995; Hunter et al., 2001) , molecular (Kuch et al., 2002; Hofreiter et al., 2003) , and isotopic (Pendall et al., 1999) analyses. Here we explore lignan derivatives, metabolites of plant polyphenols, as specifi c tracers in waste eliminated by herbivorous mammals (e.g. Neotoma) in conjunction with their diet.
Microbial transformations
Intestinal and fecal microorganisms have a strong controlling effect on the persistence of plant secondary products (and their eventual preservation in many geological samples). The abundance and modifi ed form of persistent plant markers directly refl ects the diverse metabolism of this dominantly anaerobic consortium, including concerted reactions to detoxify, repurpose, ferment, and remineralize ingested organic matter. Selective reactions lead to a variety of characteristic "sewage" markers in the environment, for instance coprostanols, coprostanones, and saturated fatty acids (Hatcher and McGillivary, 1979; Leeming et al., 1996; Rogge et al., 2006; Oyo-Ita et al., 2010) . The conversion of plant lignans in the gut to compounds such as phytoestrogens (or enterolignans) proceeds via selective enzymatic deglycosylation, demethylation, ring-and sidechain dehydroxylation, double bond and ketone reduction, and dehydrogenation.
Enterolignans
Enterolignans are phenolic compounds comprised of fl avonoids, coumestans, and lignans in vegetable foods (Murkies et al., 1998; Raffaelli et al., 2002) . The dominant mammalian enterolignans are derived from lignans, such as matairesinol, sesamin or secoisolariciresinol, by bacterial metabolism in the gut, and consist of enterolactone (I, CAS 78473-71-9; Fig. 1 (Liggins et al., 2000; Niemeyer et al., 2000; Peñalvo et al., 2005; Raffaelli et al., 2006) . Their formation parallels the microbial conversion of steroids to copro stanols in the mammalian gut (Ferezon et al., 1978) . The excess phytolignans are eliminated mainly as glucuronides and minor oxidative metabolites in urine (Niemeyer et al., 2000; Dean et al., 2004) . Enterolactone and enterodiol have been reported in municipal and surface wastewaters as part of the suite of endocrine disrupting chemicals being monitored (e.g. Kang and Price, 2009; Smeds et al., 2007) . However, the environmental fate of ente rolactone has not been reported. Here we describe the presence of enterolactone and other microbially altered plant phenols in woodrat midden sequences dating back to 36,000 calibrated years before present (cal. yr. BP).
Experimental

Sampling locale and background
Ancient Neotoma fecal material used in this study came from a series of 55 radiocarbondated woodrat middens collected in the Peloncillo Mountains Wilderness Area of southeastern Arizona, USA (Holmgren et al., 2006) . The Peloncillo Mountains Wilderness Area is located ~15 km northeast of San Simon, and encompasses the Peloncillo Range, which stretches northward from the Mexican border to the Gila River along the Arizona-New Mexico state line. Middens were collected from 1,287 to 1,442 m elevations. Middens were processed and analyzed according to standard procedures (Spaulding et al., 1990) , which included removal of the outer weathering surface using a rock hammer and chisel, soaking the middens in water for several days to several weeks to dissolve the urine matrix, wet sieving, and then drying the disaggregated material in a low-temperature oven. After drying, plant macrofossils were sorted, identifi ed, and abundances quantifi ed. Radiocarbon determinations were carried out using between 3 to 7 mg of dried plant macrofossil material. The materials for radiocarbon dating were pretreated at the University of Arizona Desert Laboratory, Tuscon, AZ, USA, and measured at the NSF -Arizona Accelerator Mass Spectrometry (AMS) Laboratory, Tucson, AZ, USA. The Calib 5.0.2 Intcal 04 calibration curve (Stuiver and Reimer, 1993) vegetation in the Peloncillo Mountains over the last 36,000 years (Holmgren et al., 2006) . These elevations are dominated by semi-desert grassland with a mixture of Chihuahuan and Sonoran Desert shrubs today, but supported pinyon-juniper-oak woodland during the last ice age until these more mesic species disappeared sometime after 12,100 calibrated years before present. The ancient samples we analyzed included one from the full glacial period (sample PM-2 from 36,205 calibrated years before present), one from near the glacial-interglacial transition (sample PM-3 from 13,490 calibrated years before present), and one from the more xeric late Holocene (sample PM-1 from 2,555 calibrated years before present). These samples were collected within a 4-km 2 area. Material from modern woodrat middens that were not yet indurated by crystallized urine were also analyzed. Samples Z-1 and Z-2 were collected from Sonoran Desert scrub in the Catalina Mountains near Tucson, AZ, USA and Eagle Eye Mountain west of Phoenix, AZ, USA, respectively. Sample Z-3 was collected from juniper woodland in the Sacramento Mountains, NM, USA. All modern middens were collected from within ~400 km of the Peloncillo Mountains.
Sample extraction
Between 50 to 100 fecal pellets (2 -5 g each) were pulled from each processed midden for analysis of midden phenols. Fecal pellets were pulverized, and 1 g of material was extracted for 2 h with 30 ml dichloromethane and methanol (2:1, v/v) in a 10-ml glass column. Samples were reduced to 1 ml volume by rotary evaporation and transferred to vials for storage.
Compounds in total extracts were analyzed directly by gas chromatography-mass spectrometry (GC-MS) as their trimethylsilyl (TMS) derivatives. Aliquots of extracts (20 μl) were converted to their TMS derivatives using N,O-bis-(trimethylsilyl)trifl uoroacetamide (BSTFA) containing 1% trimethylchlorosilane and pyridine (Pierce Chemical Co., Rockford, IL, USA) for 3 h at 70 °C. Prior to GC-MS analysis the mixture was evaporated to dryness with N 2 and the derivative products dissolved in an equivalent volume of n-hexane for analysis.
GC-MS analysis
The GC-MS instrument consisted of a HewlettPackard (Palo Alto, CA, USA) model HP6890 gas chromatograph interfaced with an HP5973 mass selective detector (MSD). The injector and ion source temperatures were set at 280 °C and 230 °C, respectively. A DB5-MS capillary column (30 m x 0.25 mm i.d. and fi lm thickness of 0.25 μm; Agilent, Santa Clara, CA, USA) was used with helium as the carrier gas. The GC operating program consisted of injection (splitless) at 65 °C, hold for 2 min, temperature increase of 6 °C min -1 to 300 °C, followed by an isothermal hold at 300 °C for 15 min. The MSD was operated in the electron impact mode with an ionization energy of 70 eV and scan range from 50 to 650 Da.
Data were acquired and processed with the HP-ChemStation software. Individual compounds were identifi ed by comparison of mass spectra with literature and library data, comparison of the mass spectrum and GC retention time of enterolactone with the authentic standard, and interpretations of mass spectrometric fragmentation patterns (Table I) . Compounds were quantifi ed using the total ion current (TIC) peak areas relative to palmitic acid for qualitative pattern comparison. A procedural blank was run in sequence with the samples and presented no signifi cant background interferences. Standard (±)-enterolactone (purity >98%) was purchased from Cayman Chemical Company (Ann Arbor, MI, USA).
Results and Discussion
The relative concentrations of enterolactone [trans-2,3-bis(3'-hydroxybenzyl)butyrolactone, I] (Fig. 1) , other midden phenols, and palmitic acid in three modern (Z-1 to Z-3) and three ancient (PM-1 to PM-3) middens are listed in Table I . All measurements are based on TIC areas of trimethylsilyl (TMS) derivatives (response factors are much lower for underivatized phenols). An example of the salient features of the GC-MS data for a total extract is shown in Fig. 2 . The major compounds are labeled and those with Roman numerals I -IX (Fig. 1 ) are enterolactone and its related markers. The diagnostic key ion of the TMS derivatives of these compounds is m/z 180 as can be seen from the mass spectra (Fig. 3) , and an example of that key ion plot is given in Fig. 2b . All structures fragment by transfer of H to the TMSObenzyl ion yielding the base peak at m/z 180. The mass spectrum of enterolactone-TMS has been reported before ( Setchell et al., 1981 ( Setchell et al., , 1983 Niemeyer et al., 2000) , and when this Table I and Fig. 1 compound is the dominant compound in an extract, a minor amount of the isomer III is also present (Figs. 3a, b) . Enterodiol (II) is a trace component in these extracts, based on its mass spectrum of the TMS derivative (Setchell et al., 1981) . It does not exhibit a molecular ion at m/z 590 but shows a weak [M -CH 3 ] fragment at m/z 575 (Fig. 2c) . The methoxy analogues of these lignans previously reported in mammalian urine (Setchell et al., 1981) are not detectable in these environmental samples. The mass spectrum of compound IV (Fig. 3d) Compound IV is interpreted to be 3,4-bis(3'-hydroxybenzyl)-tetrahydrofuran as its TMS derivative (enterofuran, CAS 201532-62-9), a potential metabolite from enterolactone (Smeds et al., 2007) , but it is a minor component in these samples.
The enterolactone concentration peaks in mammalian urine during the luteal phase of the menstrual cycle, and was reported not to be specifi c to food source (Setchell et al., 1980) . Although the natural product chemistry of Neotoma food plants is poorly explored, conifers from other regions are among the richest known sources of enterolactone and enterodiol precursors (Heinonen et al., 2001; Willför et al., 2003) . Juniperus and Pinus species in the woodrat diet are such possible sources. We interpret compounds V-VII as ring-dehydroxylated meta bolites of nordihydroguaiaretic or guaiaretic acid, respectively. These natural products are particularly abundant in the leaves of Larrea tridentata (creosote bush), making up between 5 and 10% by dry weight (Arteaga et al., 2005; Duisberg et al., 1949; Haworth, 1942; Schroeter et al., 1918) . The fragmentation patterns in the low-resolution mass spectra (Figs. 3e, f) of these compounds show a base peak at m/z 180 (TMSObenzyl ion) and a fragment at m/z 207 (TMSOphenylpropyl or TMSOethanone ion). The interpretations are consistent with two possibilities, i.e. the p-dehydroxylated metabolite of nordihydroguaiaretic acid as 2,3-bis(3'-hydroxybenzyl)butane (V) as TMS derivative, or alternatively an oxidation product from enterodiol as 1,4-bis(3'-hydroxyphenyl)butane-2,3-dione (VI) as TMS derivative. The occurrence of these compounds at high abundances in Larrea-associated middens strongly supports the assignment as compound V. Likewise, the minor isomer is interpreted to be 1,4-bis(3'-hydroxyphenyl)-2-methylbutan-3-one (VII) as TMS derivative, rather than the dione VI.
Midden phenols VIII and IX differ from the above lignans in having a shorter alkyl chain between the phenolic groups, consistent with an origin from a stilbenoid or isofl avan precursor. The fragmentation pattern of compound VIII (Fig. 3g) shows .+ ] at m/z 372, with a base peak at m/z 180 and a low-intensity TMSOphenylcarbonyl ion at m/z 193, indicating 1,2-bis(3'-hydroxyphenyl)propane rather than 1,2-bis(3'-hydroxyphenyl)ethanone as TMS derivative (Fig. 3h) .
The lack of enterodiol in enterolactone-rich samples (Table I) indicates that it is not a persistent phenol in such settings. While the plant source may be a factor (only a limited number of appropriately functionalized lignan precursors are converted to enterodiol), the most likely explanation is the oxidation of enterodiol to enterolactone by facultative aerobes in the fecal community. Borriello et al. (1985) observed rapid conversion of enterodiol to enterolactone following aerobic incubation with fecal bacteria.
Compound 2,3-bis(3'-hydroxybenzyl)butane (V) is present in all samples with enterolactone and in one without. While not previously reported in the biological or geological literature, 2,3-bis(3'-hydroxybenzyl)butane may be a saturated enterodiol analogue, derived from lignans such as nordihydroguaiaretic acid. In the mammalian gut, microbially intermediated ring dehydroxylation of lignan precursors appears to be enantioselective (Jin et al., 2007; Clavel et al., 2006; Woting et al., 2010) . The reaction parallels the selective dehydroxylation of diverse phenolic acids by intestinal fl ora studied by Scheline (1968) , where 3,4-dihydroxyphenyl groups were invariably dehydroxylated at the p-position, creating transformed m-hydroxy derivatives. If this pattern also applies to the metabolism of nordihydroguaiaretic acid, the expected product is 2,3-bis(3'-hydroxybenzyl)butane (V).
Coprostanol and 24-ethylcoprostanol, indicator tracers for urban sewage and waste from animal husbandry (Ferezon et al., 1978; Hatcher and McGillivary, 1979; Leeming et al., 1996; Rogge et al., 2006) , are signifi cant in these samples (e.g. Fig. 2a) . Thus, enterolactone and/or 2,3-bis(3'-hydroxybenzyl)butane can be utilized as confi rming tracers in conjunction with coprostanol and coprostanone indicators for sewage and animal waste (Rogge et al., 2006; Oyo-Ita et al., 2010) . Whereas urban sewage can be ruled out as a source for coprostanol and 24-ethylcoprostanol in our samples based on the collection locale, it should be noted that cattle grazing is in effect in the wilderness area. However, in prior studies enterolactone and its oxidation products were detected neither in the soils from dairy operations nor in river sediments (Rogge et al., 2006; Oyo-Ita et al., 2010) . This indicates that uniquely high concentrations of precursor phenols in Neotoma food plants and the unique nature of their concentrated and desiccated waste deposits may be necessary to preserve the array of midden phenols observed in this study.
Conclusions
The degradation products of higher plant lignans identifi ed in modern and ancient woodrat middens are interpreted to be derived from several natural product groups: stilbenoids, lignans with saturated or functionalized side chains, and fl avonoids. The relative abundance of the different midden phenols appears to track associated vegetation communities. The precise botanical sources of these compounds are not confi rmed, but different signatures related to pinyon-juniper woodland and creosote bush (Larrea tridentata) scrub point toward the utility of midden phenols as taxon-specifi c markers.
